Photographic detector for thermal neutrons by Wang, Shih-Ping
PHOTOGRAPHIC DETECTOR FOR THERMAL NEUTRONS
by \ " (l
Shih-Ping Wang
B. S. Rensselaer Polytechnic Institute
Submitted in Partial Fulfillment
of the Requirements for the
Degree of Master of Science
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 1961
Signature of Author------
Department of Physics, June, 1961
Certified by--------------------------------------------------
Thesis Supervisor
Accepted by ----
Chairm\ Departmental Comr7ttee on Thesis
PHOTOGRAPHIC DETECTOR FOR THERMAL NEUTRONS
by
Shih-Ping Wang
Submitted to the Department of Physics on May 29, 1961 in Partial Ful-
fillment of the Requirements for the Degree of Master of Science.
ABSTRACT
Methods for the incorporation of lithium-6 in a photographic
detector for thermal neutrons have been investigated from the standpoint
of high sensitivity, spatial resolution and simplicity for use in neutron
diffraction studies. Theoretical expressions are derived for the four
possible arrangements of a photographic detector, and good agreement
is found with experimental results.
The best result is obtaingd with a detector composed of homo-
geneously mixed ZnS(Ag) and Li F pgwder in the back-reflection ar-
rangement. The optimum ZnS(Ag):Li F weight ratio is 4:1. However, the
sensitivity of the detector does not change more than a factor of two
when the weight ratio varies from 1:1 to 10:1. When used with Kodak
Tri-X film, a barely visible image can be obtained with an exposure of
less than 100 neutrons/mm , which is three times better than the best
reported photographic detector using boron-i 0. At optical density of
D = 0. 3, the ~ietector has a sensitivity more than 1000 times the sen-
sitivity of In foil-X-ray film detector.
When used with fast Polaroid film (ASA 3000), a barely visibly
image can be obtained with an exposure of less than 30 neutrons/mm
The 10 sec development time of the Polaroid film combines with the high
sensitivity of the detector to form a very useful tool in many areas of
neutron physics. Interesting powder diffraction patterns are obtained.
Thesis Supervisor: Clifford G. Shull
Title: Professor of Physics
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CHAPTER I. INTRODUCTION
Photographic technique has played a very important role in the
field of X-ray diffraction. Its importance has been reemphasized by
Henry et al (1) in a recently published book. There exists a parallel need
in neutron diffraction studies for a photographic detector capable of
recording diffraction patterns. There are three requirements which
such a detector should meet. These are: (1) a sensitivity such that low
neutron intensity can be recorded within a reasonble length of exposure
time; (2) high spatial resolution so that sufficient detail of diffraction
pattern can be recorded; and (3) simplicity of design such that the
detector can be easily constructed, used and maintained for further use.
None of the detectors presently available meet all three require-
115
ments simultaneously. The detector made of In foil-X-ray film,
which has simplicity and good resolution, fails the first requirement.
Shull et al 2) have used it to obtain Laue patterns of a number of subs-
tances such as Quartz and NaNO3 , and an exposure of 10 neutrons/mm2
was required for a density of 0. 3 on the X-ray film., Spark counters ( 3 )
capable of producing Laue patterns of crystals, fare poorly in all three
requirements. Emulsions impregnated with boron and lithium have been
(4) (5, 6)
reported by Kaplan and Yagoda ( 4 ) and various other authors 6). These
emulsions are not suitable for recording diffraction patterns due to poor
resolution and difficulties in processing and handling.
Various solid scintillators have been developed ( 7 - 15) in recent
years. With slight modification some of these scintillators can be
converted into a photographic detector. The best among these has been
developed by Sun et al (7 ' 8,16) and consists of a boron-10 plastic-ZnS(Ag)
_ _
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detector. With this detector Sun has recorded diffraction patterns and
reported a barely visible image on Kodak Tri-X film with an exposure
of 300 neutrons/mm . Probably because this detector is hygroscopic
and difficult to keep, no subsequent application of the technique has
been reported.
After a survey of many possible thermal neutron detection
reactions (see Table 1), Li6(n, t)o was selected. This reaction gives
no radiation after use. Furthermore, it has a high thermal neutron
cross section and a very high reaction energy. Although the cross
section is only 1/4 that of the better known B 10(n, )Li 7 , the extra-
ordinary range of the tritons more than compensates for this disad-
vantage. In view of the initial success of the photographic detector
incorporating boron-10, the prospect of developing a better detector
by using lithium-6 is most encouraging. Preliminary investigation on
the heterogeneous layer type detector was carried out in 1959 by Maglic
and the author (17 ) . The present more extensive investigation has been
conducted to cover the more promising type of detectors coasisting of
homogeneously mixed powder. Theoretical expressions have also
been derived to provide a more quantitative interpretation of the detect-
ion process.
Table 1. Properties of Thermal Neutron Detection Reactions
A. Charged Particle Reactions (18 ' 19)
Reaction
3(1) He (n,p)t
Q (Mev)
0. 765
(2) Li 6(n, t) ~ 4.78
(3) B10 (n, )Li 7  2. 30
(4) N 14 (n, p)C 1 4  0.625
B. Foil Activation Reactions(2 0 )
Tthermal (barn)
5, 400
945
4, 100
1.9
Light Particle Heavy Particle
E (Mev) Rir (cm) E (Mev) R . (cm)
---al -- r31Tl
0. 57
2. 72
1. 47
0. 58
0.95
6. O
0.72
1. 0
0.19
2. 06
0. 88
0. 04
0.30
1. 03
- 0
Target
(1) Mn 5 5
(2) Rh03
107(3) Ag 10 9
Ag
(4) In113
In115In'
Abundance (o/o)
100
100
51. 35
48. 65
4. 23
95. 77
(5) Au97
Au198 (2. 7 days)
100
Tthermal (barn)
13.4
140
44
1 44
145
52
35, 000
Half-Life
3. 72 hr
6. 5 min
63.5 sec
3.3 min
34.9 sec
70.7 days
130 sec
78.1 min
18.7 sec
3.9 days
4. 6 days
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CHAPTER II. BASIC CONSIDERATIONS
A lithium-6 photographic detector for thermal neutrons consists
of three principal stages. These are: converter, phosphor and photo-
graphic film. The first stage is made of a material containing a high
percentage of lithium (enriched in the stable isotope lithium-6). For
each thermal neutron captured in this stage two highly energetic charged
particles are created. The reaction is Li (n, t)(. The cross section
at thermal neutron velocity (2200 m/sec) for this reaction is 945 barns,
and it varies as 1/v in the thermal region. The reaction energy Q is
4. 78 Mev., which is divided such that the kinetic energy of the triton
is 2. 72 Mev. and the kinetic energy of the alpha particles is 2. 06 Mev.
Since the initial linear momentum is almost zero the two particles
always travel in opposite directions. The phosphor stage converts
the charged particles into photons. The third stage converts the photons
into a photographic image. The charged particles may blacken photo-
graphic film directly, but the process is very ineffective (Z1)
Photographic detectors based on charged particle reactions
can generally be put into one of two catagories; a homogeneous system
or a heterogeneous system. Each system can further be divided into
two arrangements; transmission or back-reflection. (See Fig. 1).
In the heterogeneous system all three stages are distinct and are
usually arranged in a sandwich fashion, whereas in the homogeneous
system the first and second stages are combined into a single stage.
In the transmission arrangement the incident neutron beam enters the
converter without going through any other stage, whereas in the back-
reflection arrangement the incident neutron beam first goes through
a photographic film. The advantage of the back-reflection arrangement
t 'I
Figure 1. The four possible arrangements
of a photographic detector
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is that if sufficient converting material is placed in the converter
stage a detector with large uniform detecting area can easily be con-
structed. In a transmission detector the sensitivity is strongly de-
pendent on the thickness of the converter; therefore the uniformity
of a large detecting area can be a very serious problem. This shall
be discussed in detail later in this chapter and Chapter IV..
A. Theoretical Aspects
The absorption of thermal neutrons in the converter stage
gives rise to production of energetic charged particles. These second-
ary particles undergo multiple collisions within the phosphor stage,
during which part of their kinetic energy is converted into light energy.
There are two fundamentally important factors involved in the con-
version of thermal neutrons into 'useful' charged particles. These
factors are: the convdrsion of thermal neutrons into charged particles
and the probability of the charged particles escaping absorption in
the converter. Similarly there are two factors involved in the conver-
sion of charged particles into ' useful' photons: the conversion of
charged particles into photons and the probability of the photons
escaping absorption in the phosphor. In each case the two factors
are mutually exclusive: the first increases conversion efficiency by
requiring an increase in the thickness of the converting material; the
second increases conversion efficiency by reducing attenuation, which
requires a decrease in the converter thickness. To achieve the maximum
conversion efficiency these two factors must be optimized. In the
heterogeneous system, fortunately, the two conversion steps can be
considered separately, and it is possible to derive precise theoretical
expressions for the conversion efficiency and optimum thickness.
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However, in the case of homogeneous system the two conversion steps
can not be considered separately and only qualitative relationships
are derived.
1. Heterogeneous System.
Let us approach the problem of converting thermal neutrons
into 'useful' charged particles in the following manner. Consider
the incident thermal neutron beam as being monenergetic with intensity
N (neutrons/sec.). The beam is normally incident on the converter,
which has a linear absorption coefficiency M. First let us consider the
contribution from the tritons. Let R be the triton range in the converter,
and r be the distance traveled by the triton in the converter. Let the
residual range I in the phosphor be in terms of converter equivalent
distance such that .- =R-r. Let us define the 'usefulness' of a triton
by its residual ionization ability in the phosphor. This ability is re-
presented by the specific ionization function f(l), which has the usual
Bragg shape (see below).
I
I
I
A triton with a residual range I=R is defined as 100 percent 'useful'.
Then the specific ionization weighting function should be normalized
so that
S(1)0
a. Transmission Arrangement. Consider a thin converter
with thickness t (t.R).
A typical triton generated at point P a distance x from the phosphor,
will spend a distance r in the converter and an additional converter
equivalent distance I in the phosphor, the path making an angle of 4
with the normal. Hence (25S4 = 4 and R$od - .d . The fractional
solid angle subtended by the two cones, one with half angle 0 and the
other 4 #d , is
= (2)
This represents the fraction of escaped tritons, which are generated
at point P a distance x from the phosphor, with a residual converter-
equivalent range 1=-R-r. When weighted by the function f(R-r), we have
an expression for the t useful' fraction of all tritons generated at P
fR X 3(3)
The neutron intensity at P is N, which is related to No by
A. z A- ) (4)
A/:% A]. # (4)
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The rate of triton generation at point P is
JN . - Nl e (5)dx
The total intensity of 'useful' tritons generated by the incident neutron
beam of intensity N becomes
t= fdN Jfr m) zrtf
The conversion efficiency becomes
N0  j 0 Xe AX
This can be integrated numerically.
Since f(1) rises to a very large value when I is very small,
to a first approximation we can obtain a simpler from of the above
expression by introducing the assumption that all escaped tritons scin-
tillate equally well. This would make C somewhat greater, because
we are including some normally 'I not-so-useful' tritons. The cone
with half angle 9 indiscriminately includes escaped tritons with all
residual ranges from I = R - x to I = 0. The fractional solid angle
subtended by the cone becomes
= 2,+ .R.Z.. R" (r I- Cos ()
(7)0 e tsR
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The conversion efficiency becomes
(8)
The optimum thickness for maximum E is
and the maximum conversion efficiency is
-4 -f _ .q (10)
Subtituting equation (9) into above, we have
Since the range of alphas is only 1/6 that of tritons, the number
of 'useful' alphas is expected to be much smaller than the number of
'useful' tritons. Therefore, even if the contribution of alphas is taken
into consideration the final expression is expected to be not far from
what we have derived above. Letting tRbe the range of alphas in the
converter, using a similar simplifying assumption that all escaped
alphas scintillate equally well, we arrive at a equation similar to
equation (8), except the integration is carried out over the range
from zero to R<
-11-
r .24O
_ow ed )e
Finally
(13)
Expand e in a series. Since Z
converting materials for neutrons in thermal
4 -- x
S , in common
region, then
(14)
Since the specific ionization of 2. 06 Mev alphas is about the same
as that of 2. 72 Mev tritons, we'may regard alphas as extra tritons.
The total conversion efficiency becomes
Setting - , the optimum thickness is given by
And total conversion efficiency at the optimum thickness is
15)
16)
(17)
For cases of pratical interest, the magnitude of dfR 4 is much
smaller than unity. For instance, at X = 15L this factor is 0. 007.
Therefore, the optimum thickness is usually not affected by the alpha
contribution. Since (1t- 1) is usually only several times larger
(12)
.4 -t )- (e rIc
0 'a -# ? Z Coe I-% .I AV
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than f , the alpha contribution in efficiency is not negli-
gible.
b. Back-Reflection Arrangement. In the case of back-reflection
there is no need to compute the optimum thickness. Again, let us
consider only the contribution from tritons and make the same simplifying
assumption that all escaped tritons scintillate equally well.
1 5AM140?
Akqjr*,w 8A4l
Assuming no absorption in the phosphor and photographic film, the
neutron intensity at point P is
N = Noo
-zX
The rate of generation of tritons at point P is
= rZ e
-Zx
The fractional solid angle for the escaped tritons is
12 -LOtosof 2
The conversion efficiency becomes
£: fx)e.
21
~ =zi~ X) f-.
Expand C
(18)
= L2k7 (KX)
-- = NY_.
d'X
in a series;
: ....2
m
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A similar expression can be obtained for the alpha contribution
z 12 - .LRj?2Ok.. (19)
The total conversion efficiency takes the form
+ )(20)
Since usually(R + RO) 0/, the series converges rapidly.
It should be noted here that the back-reflection arrangement
is not dependent on the thickness of the converter, provided, the
thickness of the converter is greater than the triton range. It also should
be noted here that the back-reflection arrangement is just as dependent
on the neutron wavelength as the transmission arrangement. The
theoretical curves calculated for lithium-6 metal and for Li6F are
shown in Fig. 5.
Since the sensitivity of the phosphor stage only is dependent
on the nature of the charged particles, there is no difference what
converting material we use. Therefore, if we use two different con-
verting materials it is possible to deduce the combined sensitivity
of the phosphor stage and the photographic stage. This shall be
discussed in the chapter on experimental results.
2. Homogeneous System
In the homogeneous system the conversion of thermal nertrons
into charged particles and the conversion of charged particles
into photons take place at the same stage. The process is very com-
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plex and the derivation of quantitative expressions is beyond the
scope of this simple treatment. However, by introducing a set of sim-
plifying assumptions several meaningful qualitative expressions can
be obtained.
First let us consider the problem of mixing the converting
material with the scintillating material, say Li6F with ZnS(ag). If
a homogeneous mixture of the two powders is achieved, regardless of
the powder sizes, it is possible to obtain an expression for the
optimum weight ratio. Suppose a triton is generated in a grain of
Li6F in the homogeneous mixture. It will go through several grains
of Li6F and several grains of ZnS before it is finally captured. Let R
be the average total distance the triton spends in ZnS grains, r be
the average total distance in Li6F grains, Rt be the tritons range in
ZnS and rt be the triton' s range in Li F. Then R must be a
fraction of Rt and r a fraction of rt such that
R = nRt and r - (1 - n) rt
where n 1. The volume ratio of the two powders becomes
and the weight ratio becomes
If we substitute numbers into the (21)
If we substitute numbers into the above expression, the weight
-15-
ratio becomes
For n = 1/4, 1/2 and 3/4 the corresponding weight ratios are
1q/4
We can see that in order to have a high triton-light conversion
efficiency we must have a large n, such that n . 1. But we see
that this condition would lead us to a very large weight ratio. Even
at n = 3/4 the weight ratio increases to 66. Since the light attenua-
tion becomes serious when ZnS thickness reaches a hundred microns,
it is not practical to have a weight ratio as large as 66. On the
other hand, if we make n too small then the triton-light conversion
will be small. We see that the real dictating factor for the process
is the light attenuation. Because n is not changed much when
weight ratio is changed, but the attenuation can be changed easily by
changing the weight ratio.
B. Photographic Film
Since the final result of detection is represented in the form
of photographic negatives (or positives), a number of concepts of
fundamental importance to the quantatitive interpretation of these photo-
graphs have been defined and the relationships between them expressed
below.
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1. Definitions
a. Exposure Exposure is defined as the number of particles
(neutrons, tritons, alphas, or photons) per unit area incident on
the .detector.
b. Optical Density If I is the light intensity transmitted
through the blackened region of the film and I is the light intensity
transmitted through the clear part of the film, the optical density is
defined as D = log (I/Io). This is also known as the absolute
density or the net density above the background density of the film.
If the line of demarcation is sharp, density differences of the order
of 0. 01 can be detected by eye.
c. Sensitivity This has been defined in variety of ways by
workers in the field of photographic detection of radiations. For
purpose of this investigation, sensitivity is defined as the reciprocal of
the exposure required to produce a density of D = 0. 3.
d. Contrast Contrast is the property of a film which allows
an observer to distinguish a density difference between two nearly
equal exposures. It is usually expressed in terms of gamma, the
slope of density-log exposure curve, r= dD/dlogE. ( is parti-
cularly sensitive to development conditions. High contrast means
high r .
e. Latitude Latitude describes the range of exposures
over which the film is useful. High contrast and wide latitude are
thus mutually exclusive.
2. Reciprocity Law
The reciprocity law states that the photographic effect of an
exposure is independent of the rate at which that exposure is produced.
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In the case of a regular photographic negative (or Polaroid positive)
the law is substantially valid for exposure times of duration less than
a few days. However, at exposure times (or delay between exposure
and development) extending into months or even weeks, latent
image fading may cause an apparent failure of the reciprocity law.
Facing depends on many parameters, including emulsion composition,
humidity, temperature, and time. The subject is covered extensively
in the standard text by Mees ( 2 2 )
3. Density-Exposure Relationships
The relationship between density, D, and exposure, E, to
a first order approximation, can be shown ( 2 2 ' 23)
-- )])=a(i-e
where a and b are characteristic constants of the film and develop-
ment conditions.
At low exposures, the density is roughly directly proportional
to the exposure. The most common method of plotting the relation-
ship is the H and D curve, named after its originators, Hurter and
Driffield. In this curve density is plotted vs. log of exposure. The
curve is usually significantly S-shaped, and there is always a
region of constant slope in the middle of the curve. Figures 3, 4, 7,
and 9 show the H and D curves of various detectors investigated.
The most useful feature of the H and D curve is its slope,
5z dD/d (log E), the contrast of the film. In general, exposure
comparisons will be most accurately carried out near the region of
maximum contrast, which is usually linear and in the middle of the
H and D curve. The exact shape of the curve is very dependent on
-18-
the development conditions. If development conditions were maintained
the same throughout the investigation, all H and D curves of one certain
type of film will have the same shape. That is, if the H and D curve of
one detector is determined, it is possible to determine the whole H
and D curve of another detector by determining just one point on the
curve, providing the development conditions are the same.
C. Selection of Converting Material and Phosphor
The selection of a suitable converting material is of great
importance in the construction of a photographic detector. From equations
(17), (20) and (21), we can see that in order to obtain a high conversion
efficiency the converting material must possess both a large linear
absorption coefficient, 2 , and a high triton range, R , The linear
absorption coefficient is given by the formula
Z (22)
where p is the density, M the molecular weight, Na the Avogadro
number, v the number of atoms of the ith element in the molecule
whose cross section is -.. The triton range in the material is given
by the formula g2 9 )
(23)
where Rair is the triton range in air, and A is the atomic weight.
In the case of compounds and mixtures the atomic weight is written
as
where n. is the atomic fraction of the i th element whose atomic weight1
is A.. The triton range in air can be obtained from the range-energy1
curves given by Bethe et al(3 0 . 31) for proton in air. Since for particles
having the same Z and same initial velocity the range is proportional
to the mass, triton range in air is simply three times the range of
-19-
protons having the same velocity.
Substituting equations (22) and (23) into equations (17) and (20),
the conversion efficiency becomes independent of the density of the
converting material and is roughly proportional to (A - 1/ 2 T). However,
there exists another condition on the selection of the converting ma terial
and is not indicated by the equations derived. This condition is that
the converting material must be chemically stable. The first lithium
alloy or compund satisfying all these conditions is LiF. Light lithium
alloys, such as Li-Mg, are only stable up to about 15 9o of lithium
by weight. Lithium salts of various types are mostly hygroscopic,
because of the small size of cation. LiF is the only lithium compound
which is not hygroscopic among all the light lithium compounds. This
is due to the small size of the fluorine anion which impedes the bonding
of molecules of water by means of hydrogen bonds.
However, lithium metal is also selected as a converting
material along with LiF, because lithium metal has a very large
triton range (110 microns) and its C vs. I curve is easy to be
checked by experiments. The results are shown in Fig. 5.
ZnS(Ag) is selected because of its high light output (in fact,
highest of any known phosphor ( 3 3 )) and its low response to fray
and electrons.
r-20-
CHAPTER III. EXPERIMENTAL METHODS
A. Fabrication Techniques
1. Heterogeneous System
Fig. 2 shows the general construction of a detector of the hetero-
geneous type. It consists of three principal units: the converter unit,
the phosphor unit and the photographic recording unit. The converter
unit is made of a aluminum disk, which houses the converting material.
The thickness of theregion through which the neutron beam is admitted
is less than 1/16 in. The phosphor unit is made of a hollow brass disk
with a ZnS(Ag) coated on top. The photographic recording unit is made
of a brass disk, which houses the photographic film. The converter
unit and the phosphor unit are usually semi-permanently joined to form
a combined unit. The photographic recording unit can be easily attached
to and removed from the combined unit to permit quick loading and
unloading of film. It is a good pratice to add some friction tape to the
circumference of the assembled unit to insure its light-tightness.
Various designs of the converter unit were used depending upon the
chemical properties of the converting material.
a. Lithium-6 Metal Foil Detector. Lithium-6 metal is soft,
malleable and easily rolled into thin sheets, but its active chemical
nature requires it to be protected from many chemical substances,
especially oxygen and moisture.
During the preliminary investigation ( 1 7 ) , lithium-6 metal
was hammered into a 3 6 0 r thick sheet and sealed with a 10r thick
mylar foil in the converter unit. Sealing was performed in a crude
dry box flushed with nitrogen gas. This method was found to be very
rHETEROGENEOUS
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unsatisfactory, because the sealed lithium decomposed in less than
a week after the sealing. Furthermore, the sensitivity was low,
because the mylar foil reduced the number of tritons that could escape
to the ZnS screen.
In the present investigation, a more refined technique was
employed. A cubic piece of lithium-6 metal of the appropriate size
was first cut out with a knife, then was pressed in oil and rolled to
the desired thickness between two sheets of 0. 002 in. thick steel shim
stock. A washer of the desired thickness (made of brass or steil shim
stock) was used to insure a uniform thickness of the lithium-6 foil.
During rolling the sandwich was intermittently spaked in Nujol oil
to prevent oxidation. It was possible to obtain a 1 0 0 p thick lithium-6
foil by pressing on a simple hand press and a 30P thick lithium-6 foil
by rolling.
The lithium-6 foil was then cleaned of oil and sealed into the
holder under helium atmosphere within a polyethylene double-tent.
CC14 was used to remove the oil from the lithium-6 foil. An 0-ring
was used between the converter unit and the phosphor unit (see Fig. 2)
to improve the sealing.
Lithium-6 metal (99. 3 percent enrichment) was obtained from
Oak Ridge National Laboratory.
b. Li6 F Detector. Li F detector, shown in Fig. 2, is
essentially the same in construction as the lithium-6 foil detector,
except the converter unit is made of packed Li6F powder instead of
raw lithium-6 foil. Since Li6F, is very stable chemically there is no
need to protect it from the atmosphere. Consequently, the detector is
far simpler to construct than the lithium-6 foil detector.
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A desired amount of Li F powder was weighed out and packed
into the aluminum converter unit by pressing in a hand press under very
low pressure. Then this unit was joined semipermanently with the
phosphor unit. The thickness of the Li F could not be controlled accurately ,
and its exact thickness was measured by the amount of its neutron
attenuation at a known wavelength.
The Li F powder was obtained quite easily by chemically pro-
cessing the original isotopic metal. First lithium-6 was cut into small
pieces, cleaned of oil, and dropped into a beaker of water to form a
solution of Li6 OH. The solution was filtered several times to get rid
of possible impurities. Then an appropriate amount of KF was intro-
duced into the solution and the following chemical reaction took place:
Li OH + KF-- Li 6F t + KOH
Because of its low solubility, LiF precipitated easily from the solution.
A x-ray powder pattern was obtained for the dried Li6F powder to
make sure that the impurities were negligible. The powder size of
the precipitated Li6F was found to be 3 to 4 P by photomicrographic
techniques.
c. ZnS(Ag) Screen. The ZnS(Ag) screen consisted of a thin
layer of DuPont No. 1101 phosphor supported on a 1/16 in. thick lucite
disk. In the investigation of the optimum ZnS(Ag) thickness for tritons
from Li6(n, t)U reaction, four screens varying in thickness from 9
to 50 V were made.
The most satisfactory method of making a very uniform ZnS(Ag)
screen was to pour a solution of suspended ZnS(Ag) powder in xylene
onto a lucite disk and allow the coated disk to dry. Acoat of Krylon
was sprayed on the dried surface to strengthen the screen. The exact
thickness was determined by measuring the difference in weight between
the ZnS(Ag) screen and the bare lucite disk.
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The average particle size of ZnS(Ag) powder, which was supplied
by Dr. H. W. Kraner, was found by photomicrographic technique to be
2. Homogeneous System.
Detectors of the homogeneous type are much simpler in con-
struction than detectors of the heterogeneous type.
Homogeneous detectors of rather small area, about 1. 3 cm
were used during the preliminary investigation in order to conserve
material. However, the final detector composed of Li6F and ZnS(Ag)
powders at the optimum weight ratio (ZnS:Li6F) of 4:1, which was used
with fast Polaroid film in the actual application, possessed a detecting
surface area of 65 cm2
A typical homogeneous detector used in the investigation was
prepared as follows: An accurately weighed amount of Li6F powder
was mixed with an appropriate amount of ZnS(Ag) powder to the desired
weight ratio in an agate pestle and mortar and in a cylindrical mixing
mill. The homogeneous mixture was then packed into a depression on
a mold (see Fig. 2) consisting of a small steel block containing five
depressions of 1/2 in. diameter and 1/8 in. depth, and after pressing,
the excess powder was trimmed with a razor blade. Each depression
on the mold contained a powder mixture with a different weight ratio.
Several detector s were made to have a thickness of 1/16 in.
No binder was used in the small test detectors, because the
sufficiently tightly packed powder mixture could hold itself in place.
in the case of the final detector with a surface area of 65 cm 2 an
organic binder, Krylon spray, was used.
A detector containing 50 mg/cm 2 Li6F powder, 50 mg/cm 2
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lucite powder, 100 mg/cm2 ZnS(Ag) powder, according the recipe
given by Stedman( 9 ) , was made by hot-pressing at 1300 C to about
10, 000 psi.
During exposure, the photographic negatives were pressed
against the detector by a 1/16 in. thick aluminum plate.
B. Experimental Procedures
1. Apparatus
The thermal neutron source used in this investigation is the
Massachusetts Institute of Technology reactor (MITR), which is a
1 Megawatt, D20 moderated and cooled research reactor, using MTR
type fuel element of highly enriched uranium clad in aluminum. The
source strength is about 1013 neutrons/cm2-sec. A standard neutron
diffraction spectrometer was used to provide a well collimated mono-
chromatic beam of neutrons for the test exposures with a maximum
flux of about 105 neutrons/cm 2-sec. The wavelength of the monochro-
matic neutrons could be variesl from 0. 5 ( to 2. 5 5. A high efficiency
BF 3 counter was used to measure the neutron flux before and after
each test exposure.
The microdensitometer used in measuring density of the
developed test negatives is a double-beam automatic recording den-
sitometer manufactured by Joyce, Loeble and Co., England. A
typical tracing made by this machine is shown in Fig. 6.
2. Exposure and Density
The film-loaded detectors were exposed in the normal incident,
finely collimated beam of monochromatic neutrons at a selected wave-
length for an appropriate length of time depending of the detector sen-
sitivity and flux of the beam. The beam width was usually about 3 mm
or less, and the slits were made of plates of boron carbide and cadmium.
r
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Before and after each run the flux was measured by the BF 3 counter.
At the beginning of the investigation an attempt was made to is e In 15
foil-X-ray film detector as a means of exposure standardization, but
the process was found to be too time consuming and not quantitative
enough.
The density of the developed test negatives were then measured
on the double-beam microdensitometer, and were plotted vs. exposure
as H and D curves. Since the film and development conditions were
maintained the same throughout the investigation, all the H and D curves
should have the same shape; therefore it was possible the whole of
H and D curve by determining just one point on the curve for a particular
detector. This was done in several occasions in the case of detectors
which had less practical interests. (See Figures 3, 4, and 7).
3. Film Processing
Kodak Tri-X film (ASA 200) was used throughout the investiga-
tion. The negative developer used was the FR negative developer, which
selected only because it was commercially readily available and its
shorter developing time. The development conditions were held to
680 F for six minutes under intermittent agitation at 20 sec intervals.
The film speed could be pushed to ASA 2000 by developing it
in UFG for 12 min. at 680 F. However, the contrast became very high
and much of the latitude was lost. Caution should taken in controlling
the developing temperature. Temperatures higher than 740 F give very
poor results.
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CHAPTER IV. EXPERIMENTAL RESULTS
A. Heterogeneous System
1. Lithium Metal Foil Detector
Four detectors, 31V , 61 p, 178 and 3 9 3 P in thickness of
lithium-6, were constructed and examined. The results are shown in
Fig. 3, where the density is plotted as a function of log exposure.
In the case of the transmission arrangement, the sensitivity is found
to vary with the lithium thickness and the neutron wavelenght. Experimental
points for X = 1. 5 5 are plotted in Fig. 5(a) to compare with the theory
derived in Chapter II. A very good agreement is found. The experimental
optimum thickness occurs at t = 80 , which is very close to the calculated
value. To translate the points in Fig. 3 into points in Fig. 5(a) it is
necessary to assign a sensitivity to the ZnS screen. For all four
detectors the sensitivity associated with the ZnS screen is assigned
such that an exposure of 410 tritons/mm2 gives a density of 0. 3 on
Kodak Tri-X film. This means that if a detector can give a density of
0. 3 with an exposure of 4, 100 neutrons/mm , then the conversion
efficiency is 10 percent, or one 'useful' triton is obtained for every
ten neutrons. As we shall see, this assigned sensitivity is slightly
too low. The value should be 290 tritons/mm , which is determined
by Li F detectors. The small value of the assigned sensitivity is
caused by the thin oil film on the lithium foils in these detectors.
Only one detector, t = 393 , is free of oil which correctly shows up s
little too high in Fig. 5(a). If the correct value is used at this point, the
experimental curve will fall between the two solid theoretical curves.
In the case of the back reflection arrangement, obtained with
the 178 F detector, where the same sensitivity for the ZnS screen is
i. I' -, i-i i --i- i
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assigned, the experimental curve fits closely the theoretical curve
in Fig. 5(b). The conversion efficiency, to a first approximation,
varies linearly with the neutron wavelength in both the transmission
and the back reflection arrangements.
All the lithium-6 metal foil detectors were found to have
about the same sensitivity over a period of two months. This shows
the technique of sealing the detector is sound.
2. Li6F Detector
The results for the Li F detector are shown in Fig. 4 and
Fig. 5. Good agreement is obtained with the theoretical curve at
X = 1 A in the transmission arrangement, and at 1 and 2 L in the
back reflection arrangement.
The sensitivity assigned to the ZnS screen is such that an
exposure of 290 tritons/mmZ will give a density of 0. 3. According
to Sun et al (21) a density of 0.3 on Kodak Tri-X film can be obtained
with an exposure of about 10 alphas/mm2 falling upon a ZnS layer.
The alphas are from a Po 2 1 0 source, E = 5. 3 Mev, which have a
much higher specific ionization than the tritons from Li (n, t) .
Therefore we may say that 20 or 30 tritons/mm2 should produce
equivalent results. But this value is still a factor of ten from our
result. The same discrepancy troubled Maglic and the author ( 1 7 )
during the preliminary investigation.
This discrepancy apparently arose from the presence of the
lucite sheet separating the ZnS layer from the photographic film.
An experiment was conducted to study the effect of the lucite sheet
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on the sensitivity and resolution of the detector. A homogeneous
detector in the back reflection arrangement was used successively
with a 1/32 in. thick lucite sheet, a 190f) thick lucite and a 10J
Saran film separating the detecting medium from the photographic
film, which was exposed in a thin beam of neutrons less than 1 mm
in width. The results are presented as micro densitometer tracings
in Fig. 6. The reduction in sensitive and spreading of the image
become progressively drastic as the lucite sheet increases in
thickness. The 1/32 in. thick lucite has a 3 mm image width at the
barely visible density level. The spreading of 2 mm can be explained
as follows. Assuming the photons enter the lucite sheet (this is
possible because ZnS has higher refractive index than lucite) from
the top in an isotropic manner, then the photons which can escape
out of the bottom of the lucite sheet have directions subtended by a
cone with half angle 0 = Sin -1), where n is the refractive index
of lucite. The image spreading is then s = 2tTan0. Using t = 1/32 in.
and n = 1. 5, we obtain s = 2. 2 mm. The fraction of escaped photons
is given as 1/2 (1 - cos 0), which is 13 %. This again agrees with
the reduction of a factor of ten in sensitivity shown in Fig. 6. In
all of the heterogeneous detectors a 1/16 in. thick lucite sheet was
used, and as expected an image spread of about 5. O0 mm and a reduc-
tion by a factor of ten in sensitivity were observed.
Although it is relatively easy to construct a Li6F detector
only two have been constructed, one with 335V in thickness and the
other 97 P . This is because the sensitivity of the detector is not
very dependent on the thickness. No attempt was made to check the
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theoretical optimum thickness, but the experimental curve in
Fig. 5 (a) suggests that the theoretical curve is probably correct.
The optimum thickness should be about 28 P for both X = 1 and
2 9. It is remarkable that the 335 P detector, which is more
than ten times the optimum thickness, suffers only a loss of a
factor of two in sensitivity when used at k = 1 .
3. ZnS (Ag) Screen
Results from experiments using four ZnS (Ag) screens,
varying from 9 P to 50 f in thickness, show that there is little
variation in sensitivity. The flat maximum that occurs at about
25 p , which is just smaller than the triton range in ZnS, 32 ,
is reasonable. This is also in agreement with the results obtained
(24) 210by Graves et al ( 2 4 ) Constant sensitivity to p 0  alphas (which
has 23 erange in ZnS) for ZnS thickness from 20 to 60 was
observed with 931 A pm tube.
B. Homogeneous System
Results on seven detectors varying in ZnS (Ag): Li6F weight
ratio from 1:1 to 10:1 are shown in Fig. 7 for K = 1.5 X. All
detectors are arranged in the back reflection fashion. The crowded
curves suggest that the sensitivity is fairly insensitive to variations
in weight ratio. Fig. 8 shows the optical density of the detectors
3 2
at= 1 , 1.5 5 and 2 a for an exposure of 8.5x10 neutrons/mm2
A flat maximum is found in the neighborhood of 4:1 for all three
wavelengths. This agrees with the analysis in Chapter II. An
average triton spends about half of its range in the ZnS grains and
half in Li6F grains.
_I
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The best detector, which has a weight ratio of 4:1, is found
to be capable of producing a barely visible image on Kodak Tri-X
film with an exposure of less than 100 neutrons/mm2 at k = 1. 5 1
(See Fig. 7). The sensitivity is slightly higher for k = 2 ?1, and
slightly lower for k = I 1, and the wavelength dependence is approxi-2
mately linear. Also D = 0. 3 can be produced with E = 200 n/mm .
Better than any detector in existence.
The results on the detectors with only 1/16 in. thick of
powder are found to be some what slightly inferior than those on the
1/8 in. thick detectors reported above. The differences in sensi-
tivity between detectors of 1/8 in. and 1/16 in. thickness graduately
become more pronounced as the weight ratio increases. A similar
effect is observed in Fig. 8, where the detectors with high weight
ratio seem to be more wavelength dependent. This is becuase detec-
tors with high weight ratio do not have sufficient converting material
to make the detectors black to neutrons.
Detectors sprayed with Krylon are found to exhibit a slight
decrease in sensitivity. Since the optical property is not expected
to be affected, this probably arises because the triton-light conver-
sion is slightly affected. It is also possible that both processes are
affected, except the effects are opposite in sense and tend to cancel
each other out.
The moulded detector containing lucite powder is found
inferior to the detectors sprayed with Krylon both in sensitivity
and in resolution. The grains of lucite made the images very spotty.
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2
The detectbr with surface area of 65 cm which is used
with the polaroid camera, with a powder depth of 1 / 16 in., is
found to have a slightly lower sensitivity than the small-surfaced
detectors with 1/8 in. powder depth when used with Tri-X film.
However, when used with fast Polaroid film (ASA 3000) the sensi-
tivity is found to be three times that of the best detector with
powder depth of 1/8 in. when used with Kodak Tri-X film. A barely
visible image can be produced with this large-surfaced with an exposure2
of less than 30 neutrons/mm . Polaroid positive.s have a higher
contrast, hence less latitude, then Kodak Tri-X negative.
C. Summary and Conclusion
Fig. 9 shows the best H and D curves for the detectors
investigated at k = '1 a and 1.5 9. It is seen that the Li 6 F-ZnS
homogeneous detector is the best detector. Its sensitivity is more
than 20 times that of the Li 6 metal foil detector, more than 30 times
that of the Li6F-ZnS heterogeneous detector, and more than 1000
times that of the In 1 1 5 -foil-X-ray-film detector.
The back reflection arrangement is proved to be better than
the transmission arrangement in many respects: (1) the sensitivity
is even higher than that of the transmission arrangement at the
optimum thickness, and (2) the uniformity of sensitivity can be con-
trolled easily, while the sensitivity of the detectors with
transmission arrangement depends on the thickness.
The heterogeneous system is proved to be inferior to the
homogeneous system. The thinness of the converting material in the
-40-
converter of the heterogeneous system limits the sensitivity of
the system. Furthermore, the lucite window, which is necessary
6
when lithium metal foil is used, diffuses the light so.much that
not only resolution is lost but also the sensitivity is reduced. This
6
factor alone renders the lithium metal foil detector unsatisfactory
as a photographic detector. It is possible to do away with the lucite
window in the case of Li6F, but it would need a strengthening
binder of some sort which will reduce its sensitivity.
Fig. 10 compares a Li F-ZnS homogeneous back reflection
115
detector with a In115 foil-X-ray Film detector. The image produced
by the Li6F-ZnS(Ag) homogeneous back reflection detector is very
sharp, and no image spreading is observed. However, the image
appears slightly grainy (see Fig. 11 and Fig. 12). This is probably
due to the large ZnS(Ag) grains or small clusterings in the detector.
A reduction of ZnS(Ag) grain size might be able to produce less
grainy image, but a corresponding loss of sensitivity may occur.
Because smaller ZnS grain would have higher light attenuation.
Perhaps more thorough mixing can produce less grainy images. The
115
image produced by the In115 foil detector appears to spread. How-
ever, the grain of the image seems to be smaller. This is due to
the In115 foil uniformity in electron attenuation.
the In foil uniformity in electron attenuation.
Figure 10. Comparison between Init 5 Foil-X-Ray Film- Detector
and Li6F-ZnS(Ag) Homo. Detector.
III__________C____CI__-~--
In" Foil-X-Roy Film
I
23min
Microdensitometer Tracing
E
4C
2x
5x
1.0
1.5mm
Slit
(3X)
(10:1 Speed)
z
5 xl
2xl
5xl
Neutron Flux 7x l0n /cm -sec. ~1.5A
LF-ZnS-Tri-X Film
HOMO BR
I
15 sec
-42-
CHAPTER V. APPLICATION
A. Neutron Diffraction Studies
Neutron diffraction in its application to solid state problems
is very similar to X-ray diffraction both on theoretical and technical
side. So far, almost all the neutron diffraction studies have been
carried out on neutron crystal spectrometers. This subject is
covered very extensively by Bacon ( 2 7 ) and Shull et al ( 28 ) in their
books. Due to the lack of a suitable detector, photographic technique
has rarely been applied to neutron diffraction studies, whereas
photographic technique has played a very prominent role in the field
6
of X-ray diffraction. When used with fast Polaroid film, the Li6F-
ZnS(Ag) homogeneous detector offers a bright future to the applica-
tion of photographic technique in the field of neutron diffraction.
Many interesting applications of this neutron detector are
possible. For instance, the difference in the intensity of the Debye
rings of the powder pattern of magnetite, Fe 3 04 , with an external
magnetic field on and off would reveal the magnetic properties of this
substance. Unfortunately, there is no time left for the author to
include these interesting applications into this thesis. Nevertheless,
the usefulness of the detector is clearly demonstrated in the next
two sections of this chapter.
1. Transmission Pinhole Patterns
When monochromatic radiation is used to examine a poly-
crystalline specimen in a Laue camera, the result is called a pinhole
~__
Figure 11. Transmission Pinhole Patterns
S= 1. 5 R, Average Exposure Time 80 min.
1%
PINHOLE PATTERNS
(a ) Polycrystalline Iron
( b) Recrytallized Iron, Large Grain Size
(C) Texture of a Melybdenum
TRANSMISSION
Sheet
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pattern. Due to the nature of the detector as constructed, only
transmission pinhole patterns can be obtained. That is, the
monochromatic neutrons first go through the specimen, then
through the back of the detector. Back-reflection patterns may be
obtained however by placing the flat detector on one side of the
incident beam.
Three typical transmission pinhole patterns are shown
in Fig. 11. Fig. 11(a) shows the powder pattern of a polycry-
stalline iron rod. Its C1l10), (ZOO), and (211) rings are clearly
visible. Fig. 11(b) shows the powder pattern of coarse-grained
recrystallized iron, where only the (11Q) and (20O) rings are
visible. Fig. 11 (c) shows the pattern produced by a cold-worked
molybdenum sheet. A pole figure, which is a map of the distribution
of grain orientation, may be constructed from patterns of this sort.
The advantage of the neutron pinhole technique over the
X-ray pinhole technique is that full specimens may be used and
there is no need for surface etching. Because the penetration
of neutrons is far deeper than that of X-rays.
2. Alignment of Monochromating Crystal
The alignment of the monochromating crystal in a neutron
crystal spectrometer is important. Not only is is desirable to
obtain a beam of maximum flux, but also it is sometimes very
necessary to know the beam structure. Past procedure has used
an In115 foil-X-ray film detector, which has a sensitivity only
Figure 12. Alignment of Monochromating Crystal
15 sec Exposure Time
(The dark line in the pictures is the shadow of a
Cd strip indicating the center of the sample table.)
OF MONOCHROMATING
(a) Not Aligned
(b) Aligned
( C) Aligned, Slits in place
ALIGNMENT CRYSTAL
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1/1000 that of the Li F-ZnS(Ag) homogeneous detector. Furthermore,
115
in the case of the In115 detector a soaking time of one hour and another
half hour film processing time are required. The advantage here is
very clear. For instance, in the alignment of the MIT polarized
neutron spectrometer, which has a flux below 104n/cm 2-sec, it
115
is necessary to expose the In115 detector for one hour and spend another
two hours to wait for it to be processed, whereas the Li6F-ZnS(Ag)
homogeneous detector requires only 15 sec of exposure and 10 sec of
development Fig. 12 shows the Polaroid positives taken at various
stages of the alignment of the polarizing crystal of the MIT polarized
neutron spectrometer.
B. Neutron Radiography
A natural application of a photographic detector of thermal
neutrons is in the field of radiography, where hitherto X-rays have
been the only source of penetrating radiation.
The value of X-rays as a tool for the radiographer lies not
only in their penetrating power but in the fact that the absorption in
4
different elements varies rapidly approximately as Z . For this reason,
the bones of a skeleton, composed of C, Ca, and O, are clearly con-
trasted with the flesh which is composed of H, C, and O, as is familiar
from any medical X-ray photograph. With neutrons, similar contrasts
in absorption occur, but are necessarily related to the cross section
of the nuclei concerned. The random variation of the neutron absorption
coefficient from isotope to isotope will permit a differentiation between
neighboring elements in the periodic table. Furthermore, in many
materials the neutron penetration is greater than X-ray or Y -ray
penetration, and it is possible to examine greater thicknesses of
material with neutrons than with X-rays or (-rays. Therefore,
neutron radiography can be applied to a number of possible problems
-47-
where X-rays or f-rays alone cannot provide a complete picture.
Thewlis ( 3 2 ) has reported some interesting work in neutron
115
radiography, using a In detector, to illustrate the above points.
With the much more sensitive Li6F-ZnS(Ag) detector, the author
has obtained several neutron radiographs of plant leaves.
It seems that, since the thermal neutron source has gradually
become more available, the use of neutron radiography will definitely
become increasingly popular.
-48-
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